S1. Production and Characterizations of Secondary Organic Materials
Different types of secondary organic material were produced by the oxidation of precursor compounds in an oxidation flow reactor (OFR) without using seed particles (Fig. S1) 1-2 . The OFR was operated at a temperature of 293 ± 2 K, a flow rate of 7.0 ± 0.1 L min -1 , and a residence time of 110 ± 2 s. Water vapor was introduced by bubbling ultrapure water (18.2 MΩ-cm) with clean air. The relative humidity inside the reactor was 15 ± 3%. Ozone was produced outside the OFR by irradiating pure air with the ultraviolet emissions of a mercury lamp (λ = 185 nm). The injected ozone concentration was 30 ± 3 ppm.
Toluene (EMD, ≥ 99.8%), m-xylene (Sigma Aldrich, ≥ 99%), and (−)-α-pinene (Aldrich, 98%) were continuously injected by a syringe pump (Chemyx, Fusion 100). For α-pinene experiments, the organic vapor was oxidized by ozone (O3, 30 ± 3 ppm) in dark conditions, and some of the resulting low-volatility products contributed to new particle production in the OFR.
For aromatic precursors toluene and m-xylene, two UV lamps (254 nm) inside the OFR were used. Hydroxyl radicals were produced by reactions involving ozone and water inside the OFR, as follows: (i) O3 + hν (254 nm) → O2 + O( 1 D) followed by (ii) O( 1 D) + H2O → 2 OH. The particles were primarily produced by photooxidation of hydroxyl radicals (OH). Non-OH pathways, such as the photolysis of precursor, were estimated to account for less than 1% of VOC loss. 3 The OH concentration was (1.5 ± 0.7) × 10 10 molec cm -3 , estimated following the method described by Peng et al. 3 Although this oxidant concentration was orders of magnitude higher than that in the ambient conditions, the OH exposure and the oxidation states of produced SOM are atmospherically relevant. The estimated OH exposure was (1.7 ± 0.8) × 10 12 molec. cm -3 s, corresponding to an atmospheric oxidation time of several days.
The produced SOM particles were characterized using a Scanning Mobility Particle Sizer (SMPS; TSI Inc.) and a High-Resolution Time-of-Flight Aerosol Mass Spectrometer (HR-ToF-AMS; Aerodyne Research, Inc.). The mass concentrations and elemental ratios were respectively derived from the SMPS and the HR-ToF-AMS, as shown in Table S2 . Mode diameters characterized by the SMPS were 76, 90, and 70 nm for toluene-, m-xylene-, and α-pinenederived particle populations, respectively. The respective SMPS-derived number concentrations were (9.7 ± 0.7) × 10 4 , (1.3 ± 0.1) × 10 5 , and (6.6 ± 1.2) × 10 4 cm -3 , and the respective organic particle mass concentrations Morg derived from the SMPS were 80 ± 8, 170 ± 10, and 50 ± 10 µg m -3 (Table S2 ). The Morg values obtained by the SMPS analysis were in agreement with the AMS measurements. The material densities used for the SMPS calculations were based on the elemental ratios determined by the AMS (Table S2) . [4] [5] The values of material density were needed in both retrieval of water diffusivity DH2O (Section S4) and calculation of absorptive index k (Section S2).
The AMS data were analyzed using the toolkits SQUIRREL and PIKA. 6 The mass concentration Morg of total organic material was calculated using relative ionization efficiency (RIE) of 1.4. For experiments to characterize organonitrogen production, the particle population exiting the OFR flowed into an RH-controlled mixing volume of 7 L for reaction with 5.0 ppm of NH3. The mixing volume had a mean residence time of 370 s. The outflow was sampled by a high-resolution AMS instrument. The AMS had a mass resolving power m/Δm of 4000 (Wmode), which was sufficient for identifying nitrogen-containing ions in the studied range of m/z < 200. In the context of the present study, nitrogen-containing ions detected by the AMS were expected to be exclusively produced from the reactions with NH3. The initial SOM was produced at low NOx conditions without using seed particles, so the presence of N atoms was not expected in the SOM prior to the NH3 reactions. The organonitrogen species were identified as the CxHyNz + ion family by the high-resolution mass spectra recorded by the AMS. This organonitrogen mass did not include the ammonium carboxylates produced in a competing reaction as characterized by the NHx + ion family. Production of ammonium carboxylate from the same set of experiments has been reported by Li et al. 7 Further details about the experimental procedure are presented therein.
S2. Optical properties and brown carbon production
For experiments concerning optical properties, particles were collected on Teflon filters using a 47-mm filter sampler (Millipore FGLP, 0.2). 8 An SOM-laden Teflon filter was placed in a three-neck flask that was continuously purged with RH-adjusted 500 ppb NH3 in zero air at a flow rate of 0.02 L min -1 for 24 ± 1 h. Less than 15% of the SOM mass evaporated during this period. After exposure, the filter was extracted in methanol, and the extract was placed in a cuvette of 1-cm pathlength. The absorbance spectrum A(λ) for absorbance A and wavelength λ was recorded using an Ultraviolet-Visible Spectrophotometer (Agilent Model 8453). 8 The spectrum of mass absorption coefficients Eabs(λ) was calculated as follows:
for an optical path length L (0.01 m) and a concentration C (kg m -3 ). The concentration C was calculated based on the volume of the solvent and the collected SOM mass, as measured by an analytical balance. The spectrum of absorptive indices k was calculated as follows:
for a material density ρ (kg m -3 ). The material density was as used in the SMPS calculation. After reactions with ammonia, the produced ammonium and organonitrogen species only accounted abs ln(10)
for on the order of 5% of total organic mass. This small change of composition did not significantly alter the material density. Measurement uncertainties in A(λ), ρ, and C were taken into account for uncertainty estimates of k(λ) and Eabs(λ) (cf. shadings around solid curves in Fig.   2e ). 8 The overall uncertainties were smaller than 15%. The k values derived from this methanolextraction method were previously compared with values measured by the ellipsometer. 8 The overall agreement was good, indicating that artifacts associated with solvent effect, extraction efficiency, and material density were small.
The optical measurements for ammonia reactions with filter-collected SOM are highly complementary to the AMS measurements using a continuous flow mixing volume. The method described above can have several advantages over a method of performing optical measurements for particles collected post-reaction with ammonia as they exit the continuous flow mixing volume (cf. section S1). First, the method used herein allow us to examine the browning reactions at a lower NH3 concentration (500 ppb vs. 5 ppm) and a longer reaction time (24 h vs. 370 s), which could be more atmospherically relevant. Second, for SOM collected post-reaction in the mixing volume, reactions would continue on the filter because it is technically difficult to remove ammonia thoroughly from the air. This artifact would bring a large uncertainty for the analysis.
S3. Simple kinetic model
A simple kinetic model is made for interpreting the RH-dependent behavior of brown carbon production (cf. Main text). The model framework is formulated for a second-order reaction:
where X represents the gas molecules, such as NH3; Y is the reactive organic molecules, such as carbonyls and carboxylic acids; and kXY is the rate constant. The reacto-diffusion lengths for reactants X and Y can be respectively defined as follows:
where DX and DY are the diffusivities of X and Y, respectively. The reacto-diffusion length represents the distance a reactant molecule travels in the particle before reaction. Two different types of reactant X and Y diffuse in parallel but in opposite directions. The accessible reactive volume to total volume ratio can be calculated as follows:
The value of faccessible is close to zero when both LX and LY are much smaller than characteristic length scale L, and this value approaches unity when both LX and LY are much larger than L (cf.
Fig. S2b
). The diffusion of reactants can become the rate-limiting step when both LX and LY are smaller than the L (i.e., the radius of the particle or the thickness of the film), meaning that both DX and DY are sufficiently small. For this diffusion-limited case, the overall reaction rate can become slower because the accessible reactive volume is smaller than the full volume of the particle. In contrast, the reacto-diffusion lengths become longer than L when both reactant diffusivities are high, and the overall reaction rate is limited by other factors, such as the bulk reaction rate. The values of LX, LY, and faccessible were calculated using parameters in accordance with the conditions of ammonia exposure experiments. The results are shown in Fig. S2 .
The characteristic reaction timescale is calculated by the following equation:
Given the reaction timescale, the relative extent of reaction ξ is an exponential function of the reaction time t:
The value of ξ can vary between 0 and 1, where 0 represents no reaction and 1 represents saturated reaction. This value can be calculated for a set of input variables (cf. (Table S1 ). An uncertainty of one order of magnitude was considered in the error estimate ( Fig. 2 c- 
S4.1 Quartz-Crystal Microbalance (QCM)
A schematic diagram of the QCM experiment is shown in Fig. S1 . 
where C is the crystal sensitivity factor (C = 17.7 ng cm -2 Hz -1 ). The Sauerbrey equation
is valid for rigid, uniform, sufficiently thin layers coated on the crystal. For soft or viscoelastic films (e.g., SOM thin films for RH > 85%), significant energy dissipation D (dimensionless) can occur during oscillation, and Eq. S9 may underestimate the mass. 12 In this study, the D values were < 2 × 10 -6 for the SOM thin films at RH < 60%, and the Sauerbrey equation can be used without correction 13 .
Before the experiments, the QCM sensors (SiO2 coated; Q-sensor QSX 303) were rinsed by ultrapure water and methanol, followed by a UV-ozone cleaning for 15 min. The SiO2 sensor surface was hydrophilic after the treatment. The SOM particles produced from the OFR were collected onto a QCM sensor using a single-stage impactor. The flow rate for particle collection 
S4.2 Rates of water condensation and evaporation and diffusivity retrieval
The film-laden quartz crystals positioned inside the QCM were exposed to a series of different RH values at 293 K, and the mass change related to water uptake or release was continuously monitored by the QCM. The time course of water content was derived from the QCM mass measurement using the film mass under dry conditions (< 5% RH) as the baseline measurement. This baseline was periodically checked, thereby accounting for the minor evaporation of some organic material (< 15% in mass).
For a sufficiently viscous or glassy thin film, the diffusion of water, characterized by water diffusivity DH2O, limits observed rates of water uptake and release (cf. Fig. S3 ). This principle was used to retrieve DH2O values with the aid of a numerical model applied to the QCM data sets. A numerical Fickian diffusion model was developed, and the concentration-dependent diffusivity was incorporated into the model (Section S4.3). The model was constrained by the observed rates of water evaporation as a function of film water content. The optimized values for the parameters are listed in Table S3 , and comparisons between modeled and measured quantities are shown in Fig. S4 . Evaporation curves were analyzed across different experiments for variable initial water contents, and similar DH2O values were retrieved (Fig. S4) . 
S4.3 Nonlinear Diffusion Problem for a Shrinking/Growing System
Water uptake and evaporation of thin films can be mathematically formulated as a nonlinear diffusion problem. The nonlinearity of the system stems from the concentrationdependent diffusivity DH2O(u). For an ordinary space coordinate, this problem can be further complicated by the moving boundary because of shrinkage or growth of the film. In this study, this complication was avoided by using a solute-fixed coordinate system [15] [16] . By defining a geometry factor ν, a universal diffusion equation was derived which can be used for a slab (thin film; ν = 0), a cylinder (ν = 1), or a sphere (particle; ν = 2), as follows 15 :
where u is the water content, defined as the ratio of the water concentration cw (kg m The dimensionless space coordinate ϕ is defined as follows:
The dimensionless diffusivity Dr is defined as follows:
The dimensionless geometry variable Z is defined as follows:
Finally, for an assumption that the volumes of water and solute are additive, the mass concentration cs can be related to u, as follows:
, and a concentrationdependent water diffusivity DH2O(u), the partial differential equation (Eq. S10) was numerically solved by an algorithm implemented in MATLAB. This numerical model was used in this study to retrieve DH2O from the QCM measurements for thin films (ν = 0). The algorithm is also applicable for simulating water uptake and evaporation of spherical particles (ν = 2).
S4.4 Mass-based Hygroscopic Growth
Allowing sufficient time for equilibrium, the mass of thin film at humidified and dry conditions were used to investigate the mass-based hygroscopic growth. The u-aw relationship (i.e., the hygroscopic growth curve) is needed for deriving the final DH2O (aw) curve that is reported in Fig. 3a (Fig. S5b) . [17] [18] [19] The solid curves in Fig. S5 show the parameterizations described by the following equations:
where b and c are fitting parameters, and the fitted values are provided in Table S4 . These parameters do not vary with film thickness. At a fixed RH, a higher water mass ratio was observed for a higher O:C ratio. These results are in agreement with literature which demonstrated that the diameter-based hygroscopic factor increased with O:C 20 .
S4.5 Parameterization of D H2O
Water diffusivity DH2O was parameterized using an empirical Vignes-type equation [21] [22] [23] :
where xw is the mole fraction of water, Holz et al. 24 was used in this study. Symbol α has the form of an activity coefficient: Table S3 . For the best-fit parameters, modeled and measured F values are compared in Fig. S4 .
Combined with the relationship between u and aw described by Eq. S18, DH2O can be calculated as a function of aw. The results are presented in Fig. 1a and 1b Table S2 . Precursor, oxidant, organic particle mass and number concentrations, elemental ratios, Table S4 . Parameters for mass-based hygroscopic growth of different types of material as described by Eq. S18. b.
Length scale
Particle radius, Exp. Table  S1 . The characteristic length scales (i.e. film thickness or particle radius) are shown as grey lines in panel (a) for comparison. 1/e Figure S3 . Changing mass of an SOM thin film (left axis) following a stepped relative humidity profile (right axis). Mass changes of water uptake and evaporation modeled using the diffusivity presented in Fig. 1b (red dashed curve) were compared with that measured by QCM (gray curve). The inset figure shows the evaporation kinetics of water for different initial RHs (color bar). The SOM was derived from toluene at particle mass concentration of 80 ± 8 μg m -3 . For dry conditions (i.e., water activity < 0.01), the initial mass of the SOM thin film was 85 μg, corresponding to a film thickness of 770 nm. parameterizations by Eq. S18 using parameters presented in Table S4 .
